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The Chromodielectric Model with a quartic potential is used to
describe homogeneous strange quark matter, in beta equilibrium,
at high densities. Two equations of state (EOS) are obtained for the
same set of model parameters: one corresponds to a chiral restored
phase with almost massless quarks and no electrons, and the other
to a chiral broken phase. Depending on the model parameters, a
phase transition between the two phases may occur. With those
EOS the structure of compact stars is investigated and two types
of stars are obtained: larger ones with radius R  10 − 12 km, a
hadron mantle and a mass M  1− 2M, and smaller pure quark
stars, in a chiral restored phase, with R  5 − 8 km, M  M
and a large baryon density at the edge. The phenomenology of the
compact object RX J185635-3754, whose best t for the radius and
mass is R  6 km and M  0:9M, lies in the class of small quark
stars predicted by the chromodielectric model.
The recent discoveries of X-ray sources, whose origin may be attributed to
strange stars [1{3], is stimulating theoretical research on the structure, com-
position, dynamics and evolution of such objects. It is generally believed that
the innermost region of compact stars, such as neutron stars, is made out of
quark matter [4{7]. The thermodynamical behaviour of this strongly inter-
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Various eective models for the nucleon, using quarks as fundamental dynam-
ical elds, have also been used to provide EOS’s for quark matter, which are
subsequently applied to investigate the structure of compact stars [3,7,11,12].
In this vein, we use the chromodielectric model (CDM) [13{16] to obtain EOS’s
for dense quark matter, and report, in this paper, the properties of the result-
ing quark stars. The chiral CDM, originally conceived to describe the nucleon,
provides a reasonable phenomenology for both the nucleon [17,18] and N{N
transition amplitudes [19{21]. Besides spontaneous breaking of chiral symme-
try, it yields soliton solutions representing single baryons with three quarks
dynamically conned by a scalar eld, , whose quanta can be assigned to
0++ glueballs. The CDM solitons resemble the MIT bag picture of the nu-
cleon but with the rigid potential well of the former replace by a dynamical
one. The model has also been applied to quark matter in two and three flavors
[22{24], yielding a relatively soft EOS for large densities. Using a quadratic
potential for the  eld, Drago et al. applied the CDM to the structure of
compact stars [25]. They connected the EOS for quark matter, as provided
by the CDM, with an EOS for hadron matter, obtaining stars with masses in
the range 1 − 2M and radii of the order 10 km or higher, with a relatively
small hadron crust of up to 2 km. Applications of other versions of the CDM
to quark stars have also been done by Ghosh and Sahu [26].
In the present work we consider an extension of the model used in Ref. [25],
namely by considering quartic instead of quadratic potentials. As we shall see,
the quartic potential allows for another qualitatively dierent EOS, which
opens the possibility for smaller and denser objects to be formed. In a re-
cent work [27], it has been shown that stars with M  M and as small as
R  5 km could be obtained, using the framework of perturbative QCD up to
 2s, restricted to three flavours of massless quarks, if the scale of the renor-
malization point were suitably chosen. Such stars are made out of quarks only,
since the density at the surface is much above the nuclear matter saturation
density, so that hadronization processes do not take place. Interesting enough,
our results corroborate those ndings, a fact that can be interpreted as the
ability of the CDM to incorporate QCD properties such as connement and
chiral symmetry.
The prediction of smaller and denser objects in comparison with the neu-
tron stars is quite exciting in view of the increasing plausibility that some
astronomical observations might correspond to pure quark stars. These stars
would not be a direct product of the stellar evolution, as the white dwarfs
or the neutron stars, but would have rather been formed out of the primor-
dial quark matter, before the cosmological quark-hadron phase transition. At
those early stages of the evolution of the universe, such quark matter could
have clumped under gravitational interaction, forming quarks stars, which, as
a result of the weak interaction, converted to strange stars made out of u,d
and s quarks only. Recently, the mass and radius of the nearby compact object
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RX J185635-3754 has been determined [28]. The best t is M  0:9M and
R  6 km, assuming a distance of 61 pc. In this paper we report on a class of
small quark stars with that phenomenology, so our results support that this
compact object might be a strange quark star.
Let us write the CDM Lagrangian in the form [14{16]
L = Lq + Lσ,pi + Lq−meson + Lχ ; (1)
where
Lq = i  γµ@µ ; Lσ,pi = 12@µ^@µ^ + 12@µ~^  @µ~^ −W (~^
2
+ ^2) ; (2)
W (~^
2
+ ^2) being the usual Mexican hat potential, and the quark meson
interaction, assuming two flavours, is given by
Lq−meson = g

 (^ + i~  ~^γ5) : (3)
The last term in (1) contains the kinetic and the potential piece for the -eld:
Lχ = 12@µ^ @µ^− U(^) : (4)
























where M is the  mass. It has a global minimum at  = 0 and a local one at
 = γM , and U(γM) = 4M4. In Fig. 1 the potential is shown in dependence
of . The height of the local minimum, B = (M)4, may be interpreted as a
kind of \bag pressure" [29], as in the MIT bag model [30,31], and that will be
used to x the parameters in U().
Let us briefly discuss the range of the parameters of the model. Considering
non-strange homogeneous quark matter in the quadratic model, all depen-
dences go into just one parameter, namely G =
p
gM , as a consequence of
the non-occurence of derivatives of the  eld [32]. On the other hand, in the
soliton sector of the model, a good description of the nucleon is obtained for
 close to zero. Since gradients of this eld are also small, again a depen-
dence only on parameter G shows up. In the quadratic version of the CDM,
by varying M in the range 1 { 2 GeV, while keeping G xed, the nucleon
properties do not change by more than 1% [18]. For that version of the model,
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Fig. 1. Quartic potential, Eq. (5), for xed M and γ, in dependence of . For com-
parison, the quadratic potential (γ !1) is also shown. The value of the potential
at the second minimum can be interpreted as a \bag pressure", B.
best nucleon properties are obtained for G  0:2 GeV (e.g. M = 1:7 GeV
and g = 0:023 GeV [18]). The nice set of nucleon properties obtained for
a quadratic potential is not spoiled when a quartic potential is considered
instead, since the former also allows for solitons with small . Because the
relevant region for the conning eld is still   0, only the shape of U near
the origin, governed by the parameter M , matters. Other good descriptions
of the nucleon using quartic potentials were also obtained [17] for a conning
eld strength   γM at the centre of the nucleon, i.e. in the region of the lo-
cal minimum of the potential. However, such description required γ and  too
small, a situation not compatible with a reasonable value of B. Moreover, for
those parameter sets, the resulting EOS’s were totally unrealistic at low den-
sities [23]. In conclusion, using quartic potentials, the best nucleon description
still yields   0 as for the quadratic case. Therefore, the nucleon properties
do not depend on γ and , but rather on G, and the resulting nucleon picture
is identical to the one obtained using quadratic potentials.
However, in the quark matter sector of the model, the double minimum po-
tential opens the possibility for solutions of the eld equations with large 
congurations, i.e. in the region of the second minimum. From B = 4M4 and
assuming the wide range 0:150  B1/4  0:250 GeV, one has 0:08    0:15,
using M = 1:7 GeV. The parameter γ does not aect the phenomenology
of the homogeneous matter, for reasons given below. Notice that γ is not a
totally free parameter since the quartic term of U() must be positive and the
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cubic term negative, which implies γ2  64.
The extension of the model to include the strange quark, requires that one
more term be added to the interaction Lagrangian (3), accounting for the




 s s : (6)
In addition, for the sake of beta equilibrium, an electron gas must also be
included. The mean-eld energy per unit volume for a homogeneous system






















k2 +m2e + U() +W (;  = 0); (7)
where the rst two terms refer to quarks, and the third one to the electrons,
all described by plane waves. The degeneracy factor is  = 6 (for spin and
color). The Fermi momentum for each type of particle, ki, is related to the




The potential for the chiral mesons is explicitly given by
W (;  = 0) =
m2σ
8 f 2pi
(2 − f 2pi)2 (8)
[fpi = 93 MeV and we always use mσ = 1:2 GeV in this paper, though the









with the coupling constants for each flavour given by gu = g (fpi + 3), gd =
g (fpi − 3) and gs = g (2fk − fpi) [3 = −0:75 MeV, fK = 113 MeV]. Since the
vacuum expectation value of the conning eld is zero, the quark masses raise
up to innity for densities approaching zero.
A variational principle applied to the energy density, Eq. (7), leads to the


































In the interior of a compact star the matter should satisfy both the electri-
cal charge neutrality and chemical potential equilibrium conditions (resulting

















= 0 : (13)
The beta equilibrium conditions at the quark level are implemented through
d = u + e ; s = d (14)
where, for every quark flavour and for the electrons, the chemical potentials
have the following general form: i =
√
k2i +m
2. To compute the EOS, one
has to solve simultaneously six equations: the gap eqs. (10) and (11) for the 
and , and the charge neutrality and the two chemical equilibrium conditions,
eqs.(13) and (14), together with the baryon density balance equation: the




(u + d + s) : (15)
For a given  one obtains a self-consistent set , , ku, kd, ks, ke. With such
solution for each density, the energy density, Eq. (7), is readily evaluated as







For the same set of parameters we found two distinct solutions, hereafter
denoted by I and II. In solution I,  is a slowly decreasing function of the
density, but remains always close to fpi. The  eld is a slowly increasing
function of the density, remaining always smaller than  0:05 GeV. For such a
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small , the quartic potential and the quadratic potential are indistinguishable
(see Fig. 1), thus, in practice, our solution I corresponds to the one obtained
and used by Drago et al. [25] in the framework of the quadratic potential. Due
to the smallness of the  eld, quark masses are large (see Eq. (9)) and the
system is in a chiral broken phase. On the other hand, the solution denoted
by II also exhibits   fpi, almost independent of the density but now the
conning eld is large,   γM (local minimum of U), also independent of
the density. The resulting quark masses are similar for the three flavours and
very close to zero (chiral restored phase). Figure 2 shows the quark masses and
the Fermi momenta for solutions I and II. The chemical potentials in solution
II are dominated by the Fermi momentum contribution, u ’ d ’ s and
e ’ 0, i.e. in solution II there are almost no electrons.
















































ρ  / fm-3
Fig. 2. Fermi momenta (solid lines) and quark masses (dashed lines) for solution I
and II in dependence of the baryon density. For solution II the quark masses and the
electron Fermi momentum almost vanish. The model parameters are g = 0:023 GeV,
M = 1:7 GeV, γ = 0:2 and  = 0:12. The vertical scales are in fm−1.
For each solution we obtained the corresponding energy per baryon number
as a function of the baryon density (EOS). We stress again that EOS-I is
not sensitive to γ and  (since  is small), just depends on G, and it is
rather similar to the one used in Ref. [25]. The saturation density occurs at a
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relatively low density and its shape, at intermediate densities, is similar to the
hadronic EOS’s (see Ref. [23] for the two flavours sector). The EOS-II is also
insensitive to γ, but does depend on  (in fact, the dependence is on (M)4,
as we have already discussed): the energy per baryon number increases with
 and so does the saturation density.
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 I
 II
Fig. 3. Pressure versus energy density for the two types of solution for various
parameters . The other model parameters are M = 1:7 GeV, g = 0:023 GeV and
γ = 0:02.
In Fig. 3 we present the EOS’s in the form of pressure versus energy density
plots for the two solutions and for various . Depending on the value of ,
a phase transition from the chiral restored (solution II) to the chiral broken
phase (solution I) may occur. We checked that values of  smaller than 0:10
(B < 170 MeV) are not reliable because, for small densities, the corresponding
EOS-II is even lower in energy than a hadronic matter EOS. Therefore, a
more reasonable range for  is 0:10    0:15. We reinforce that our results
with two distinct EOS predicted by the CDM, are consistent with the results
from perturbative QCD: it is remarkable indeed that, for   0:12 the CDM
reproduces accurately the EOS’s recently obtained in a perturbative QCD
calculation (compare our third panel of Fig. 3 with gure 1 of Ref. [27]).
In Fig. 4 the pressure, P , is plotted versus the chemical potential, which is a
more appropriate graph to look at phase transitions. As already mentioned,
the plot for solution I is the same irrespective of the value of . For  = 0:10
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Fig. 4. Pressure versus chemical potential for solution I (which is independent of )
and for solution II for various . See caption of Fig. 3 for other model parameters.
the slopes of both EOS-I and -II are practically the same when the two curves
cross, meaning that the density ( = ∂P
∂µ
), is almost the same for the two
phases: it is a rather weak rst order phase transition. We veried that the
phase transition always occurs with the chiral restored phase being the stable
one (higher pressure) at very high densities (or chemical potentials).
Regarding energetics, both phases have similar behaviour in the narrow range
0:1    0:12 and our results suggest that it might even be plausible that
pressure zero could be achieved still in a chiral phase. In that region of , one
solution is not clearly stable with respect to the other. Therefore, it is worth to
analyse the star structure that emerged from solution II (even if metastable),
without any transition to solution I (and subsequent hadronization) and this
will be presented below.
To investigate the structure of stars we solved the Tolman-Oppenheimer-
Volko (TOV) equation [34,35]. Since EOS-I is identical to the one using
a quadratic potential, it leads to stars that have the same phenomenology as
the hybrid stars already obtained by Drago et al. [25]: R  10 − 12 km, a
hadron crust and a mass M  1 − 2M. Quantitatively, these results hold
even if the EOS-II is assumed as the best description at the highest densities
relevant for the star. On the other hand, the EOS-II alone generates a new
family of strange quark stars. In Fig. 5 it is shown the mass-radius relation
for dierent values of . These quark stars are smaller and denser in com-
parison with those resulting from EOS-I. For   0:115 (and M = 1:7 GeV,
yielding B1/4  0:195 GeV) one obtains a maximum radius R  6 km and a
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corresponding mass M  0:9M, which are the tted radius and mass for the
nearby compact object RX J 185635-3754 [28]. According to our calculation,
such star has a central density of 100 (0 is the nuclear matter density) and
a central energy density   31015 g/cm3. At the edge, the density drops to
50 and   1:351015 g/cm3. The ratio = remains approximately constant
(pressure is small) inside the star. The maximum period of the star, computed
using the expression given in Ref. [36], is  0:4 ms.

















Fig. 5. Mass versus radius for the pure quark stars (solution II) in the CDM model.
The dot indicates the maximum radius star for  = 0:115. For the other model
parameters see caption of Fig. 3.
As we see from Fig. 5, the mass-radius relation for these strange small stars
mainly depends on the height of the local minimum of the  potential. Finally,
it is also worth mentioning that our results for the maximum radius and
maximum mass stars for solution II are in agreement with Ref. [37], where it
was shown that the Chandrasekhar limit for quarks stars depends on B.
Let us summarize our points. We have considered a version of the CDM with
a quartic potential, with the parameters xed in the nucleon sector (G 
0:2 GeV) and to yield a reasonable bag constant (  0:1, M = 1:7 GeV).
Using a mean-eld variational method we obtained two solutions for homoge-
neous strange matter in beta equilibrium, one similar to the already known
solution for quadratic potentials (with massive quarks) and a new one with
massless quarks. The EOS for both solutions are similar to those found re-
cently in the framework of perturbative QCD. The pure quark star emerging
from the chiral symmetric solution is a small and dense compact object, show-
ing a phenomenology compatible with a nearby X-ray source whose mass and
radius were recently tted.
This work was supported by FCT (POCTI/FEDER program), Portugal and
10
by CNPq/ICCTI through the Brazilian-Portuguese scientic exchange pro-
gram. We thank G. Marranghello and B. Garcia for some useful discussions.
E.O.A. and L.G.N. acknowledge the support of the PIBIC/CNPq program for
young researchers.
References
[1] I. Bombaci, A. V. Thampan, B. Datta, Astrophys. J. 541, L71 (2000)
[2] X. D. Li, I. Bombaci, M. Dey, J. Dey, E. P. J. van den Heuvel, Phys. Rev. Lett.
83, 3776 (1999)
[3] M. Dey, I. Bombaci, J. Dey, S. Ray, B. C. Samanta, Phys. Lett. B 438, 123
(1998)
[4] N. K. Glendenning, Compact Stars { Nuclear Physics, Particle Physics, and
General Relativity (Springer, New York, 1997)
[5] N. K. Glendenning, S. Pei, F. Weber, Phys. Rev. Lett. 79, 1603 (1997)
[6] N. K. Glendenning, Phys. Rev. Lett. 85, 1150 (2000); Phys. Rept. 342, 393
(2001)
[7] H. Heiselberg, M. Hjorth-Jensen, Phys. Rept. 328, 237 (2000)
[8] N. K. Glendenning, Astrophys. J. 293, 470 (1985)
[9] A. R. Taurines, C. A. Z. Vasconcellos, M. Malheiro, M. Chiapparini, Mod. Phys.
Lett. A 15, 1789 (2000)
[10] A. R. Taurines, C. A. Z. Vasconcellos, M. Malheiro, M. Chiapparini, Phys. Rev.
C 63, 065801 (2001)
[11] M. Hanauske, L. M. Satarov, I. N. Mishustin, H. Stocker, W. Greiner, Phys.
Rev. D 64, 043005 (2001)
[12] E. Witten, Phys. Rev. D 30, 272 (1984); C. Alcock, E. Farhi, A. Olinto,
Astrophys. J. 310, 261 (1986); P. Haensel, J. L. Zdunik, R. Schaeer, Astron.
Astrophys. 160, 121 (1986)
[13] H. B. Nielsen, A. Patkos, Nucl. Phys. B 195, 137 (1982)
[14] H. J. Pirner, J. Worldsen, M. Ilgenfritz, Nucl. Phys. B, 294, 905 (1987)
[15] H. J. Pirner, Prog. Part. Nucl. Phys., 29, 33 (1992)
[16] M. K. Banerjee, Prog. Part. Nucl. Phys., 31, 77 (1993)
[17] T. Neuber, M. Fiolhais, K. Goeke, J. N. Urbano, Nucl. Phys. A 560, 909 (1993)
[18] A. Drago, M. Fiolhais, U. Tambini, Nucl. Phys. A 609, 488 (1996)
11
[19] M. Fiolhais, B. Golli, S. Sirca, Phys. Lett. B 373, 229 (1996)
[20] L. Amoreira, P. Alberto, M. Fiolhais, Phys. Rev. C 62 045202 (2000)
[21] P. Alberto, M. Fiolhais, B. Golli, J. Marques, hep-ph/0103171, Phys. Lett. B,
in print.
[22] S. K. Ghosh, S. C. Phatak, Phys. Rev. C 52, 2195 (1995)
[23] A. Drago, M. Fiolhais, U. Tambini, Nucl. Phys. A 588, 801 (1995)
[24] W. Broniowski, M. Cibej, M. Kutschera, M. Rosina, Phys. Rev. D 41, 285
(1990)
[25] A. Drago, U. Tambini, M. Hjorth-Jensen, Phys. Lett. B 380, 13 (1996); Prog.
Part. Nucl. Phys. 36, 407 (1996)
[26] S. K. Ghosh, P. K. Sahu, Int. J. Mod. Phys. E 2 575 (1993)
[27] E. S. Fraga, R. D. Pisarski, J. Schaner-Bielich, Phys. Rev. D 63, 121702 (2001)
[28] J. A. Pons, F. M. Walter, J. M. Lattimer, M. Prakash, R. Neuha¨user, P. An,
astro-ph/0107404, submitted to Astrophys. J.
[29] M. Rosina, A. Schuh, H. J. Pirner, Nucl. Phys. A 448, 557 (1986)
[30] A. Chodos, R. L. Jae, K. Johnson, C. B. Thorn, V. Weisskopf, Phys. Rev. D
9, 3471 (1974)
[31] A. Chodos, R. L. Jae, K. Johnson, C. B. Thorn, Phys. Rev. D 10, 2599 (1974)
[32] J. A. McGovern, M. C. Birse, D. Spanos, J. Phys. G, 16 1561 (1990)
[33] J. A. McGovern, M. Birse, Nucl. Phys. A 506, 367 (1990); Nucl. Phys. 506,
392 (1990)
[34] R. C. Tolman, Phys. Rev. 55, 364 (1939)
[35] J. R. Oppenheimer, G. M. Volko, Phys. Rev. 55, 374 (1939)
[36] P. Haensel, J. L. Zdunik, Nature 340 617 (1989)
[37] S. Banerjee, S. K. Ghosh, S. Raha, J. Phys. G26, L1 (2000)
12
